We demonstrate a new approach for the site-specific identification and characterization of protein N-glycosylation. It is based on a nano-liquid chromatography microarray-matrix assisted laser desorption/ionization-MS platform, which employs droplet microfluidics for onplate nanoliter reactions. A chromatographic separation of a proteolytic digest is deposited at a high frequency on the microarray. In this way, a short separation run is archived into thousands of nanoliter reaction cavities, and chromatographic peaks are spread over multiple array spots. After fractionation, each other spot is treated with PNGaseF to generate two correlated traces within one run, one with treated spots where glycans are enzymatically released from the peptides, and one containing the intact glycopeptides. Mining for distinct glycosites is performed by searching for the predicted deglycosylated peptides in the treated trace. An identified peptide then leads directly to the position of the "intact" glycopeptide clusters, which are located in the adjacent spots. Furthermore, the deglycosylated peptide can be sequenced efficiently in a simple collision-induced dissociation-MS experiment. We applied the microarray approach to a detailed site-specific glycosylation analysis of human serum IgM. By scanning the treated spots with low-resolution matrix assisted laser desorption/ionization-time-offlight-MS, we observed all five deglycosylated peptides, including the one originating from the secretory chain. A detailed glycopeptide characterization was then accomplished on the adjacent, untreated spots with high mass resolution and high mass accuracy using a matrix assisted laser desorption ionization-Fourier transform-MS. We present the first detailed and comprehensive mass spectrometric analysis on the glycopeptide level for human polyclonal IgM with high mass accuracy. Besides complex type glycans on Asn 395, 332, 171, and on the J chain, we observed oligomannosidic glycans on Asn 563, Asn 402 and minor amounts of oligomannosidic glycans on the glycosite Asn 171. Furthermore, hybrid type glycans were found on Asn 402, Asn 171 and in traces Asn 332. Molecular & Cellular
Glycosylation is one of the most common post-translational modifications and it is known to play an important role in protein structure, protein function, cell signaling and recognition (1) (2) (3) (4) . Almost all proteins involved in the immune response are glycoproteins and their attached glycans are thought to be components of the immune system effector mechanism (5) . Whereas the glycosylation of IgG, IgE and IgA is well studied, there are no detailed mass spectrometric data available describing the site-specific glycosylation profiles of human serum IgM (6 -9) . Human IgG has one conserved Nglycosylation site on each heavy chain CH2 domain at Asn 297, and ϳ15-20% of normal polyclonal IgG bears additional Fab (fragment antigen binding) glycosylation (6, 10, 11) . Other antibody classes such as IgM or IgA show a higher complexity with respect to the number of glycosylation sites and variety of glycoforms (6, 9) . Only recently, also monoclonal IgM antibodies came into the focus of pharmaceutical industry, because they show great potential for the treatment of diseases (12) (13) (14) .
Determination of the site-specific N-glycosylation pattern of complex proteins is a challenging task and therefore glycosylation is often solely analyzed on released glycan pools (15) (16) (17) . Whereas the analysis of released pools is necessary when linkage and positional isomers have to be investigated (18, 19) , the information obtained is here limited to the carbohydrate portion and does not allow any conclusion on a protein site specific heterogeneity. N-linked glycans in particular are attached by an amide bond to an asparagine residue of the protein, where this particular asparagine is necessarily part of a consensus sequence NX(S/T) or more rarely part of a NXC motif (where X can be any amino acid except proline) (20, 21) . Enzymes like PNGaseF or PNGaseA can be used to specifically release the N-glycans form peptides. Thereby the asparagine residue undergoes a deamidation leading in an aspartic acid residue with a mass increase of 0.9848 Da (22) (23) (24) .
Selective methods allowing a zoom onto a particular glycosite of the protein are highly desirable. Unfortunately, stateof-the-art methods are not straightforward and a great deal of effort is required to perform a detailed analysis of a complex protein sample.
Site-specific analysis of single proteins has already been carried out some decades ago, by fractionation of glycopeptides from proteolytic digested proteins and following analysis by 1D and 2D NMR spectroscopy as well as later by fast atom bombardment-MS (25) (26) (27) (28) (29) . Nowadays, mass spectrometric analysis of glycopeptides is carried out in several ways, for example, by online electrospray ionization-MS (ESI) 1 or offline matrix-assisted laser desorption/ionisation mass spectrometry-MS (MALDI) as well as by means of a combination of different techniques (30 -36) . "Bottom-up" approaches are the most promising strategies, where trypsin or a combination of proteases can be used to generate homogeneous mediumsized peptides/glycopeptides, which provide sufficient information to assign the glycan to a specific site in the protein (9, (37) (38) (39) (40) (41) (42) (43) . In contrast, digestion using Pronase results in a "small peptide footprint," which might not always be sufficient for an unambiguous identification (4, 44) . Glycosylation is usually heterogeneous and a single peptide peak splits into multiple signals, accompanied by reduced signal intensity and altered retention on separation systems when compared with its unglycosylated counterpart (35) . Furthermore, glycopeptide signals can be suppressed in the presence of peptides as a result of competitive ionization (45) (46) (47) . Therefore, reduction of the sample complexity by a selective enrichment of glycopeptides is often beneficial. This can be realized by means of chemical capturing techniques (48) or by a solid phase extraction prior, or after a proteolytic digestion (34, 46, 49) . In the case in which single proteins or less complex protein mixtures are investigated, an enrichment can be compensated by a chromatographic separation as it is usually the case in LC-ESI-MS (35) . In MALDI-MS, suppression of glycopeptide signals is found to be a major issue and sample enrichment strategies are often required in order to obtain a reproducible and sensitive signal (34, 50, 51) .
The identification of a potential glycopeptide cluster is further performed by tandem mass spectrometry, either by scanning for marker ions (52, 53) or with the assistance of peak (-pattern) interpretation tools searching for a characteristic glycoprofile mass pattern (7, 54) . (Lower energy) collisioninduced dissociation (CID) experiments in ESI-MS mostly deliver fragments of the glycan backbone. Thus, more sophisticated fragmentation techniques such as MS n , SORI-CID, IRMPD, ECD or ETD have been employed for a simultaneous sequencing of peptides and glycans (30, 55) . Unfortunately, these techniques result in complex fragmentation spectra requiring specific tools and databases for interpretation. MALDI-TOF/TOF-MS because of its elevated collision energy, has also been reported to provide also significant fragmentation of the peptide backbone in parallel to the glycan (55) (56) (57) (58) . The glycopeptide is then usually identified by the appearance of three characteristic fragment ions: The first peak derives from a loss of the glycan (peptide fragment), the second peak derives from a cross-ring fragmentation of the inner core GlcNAc (peptide ϩ 84Da), and the third peak results from the fragmentation of the two core GlcNAc residues (peptide ϩ 204Da) (30, 36, 58) . Identification of a glycopeptide can be performed in ESI-MS and MALDI-MS by various different diagnostic fragment ions, very much depending on the fragmentation technique and the mass analyzer employed (30) . However, it has to be considered, that low parent ion intensity, large glycopeptides as well as multiple glycosylated/ modified species might not always deliver sufficient fragment ions to clearly identify the glycosylation site and the peptide. Complex samples require in theory also the fragmentation of hundreds of peaks in order to confidently assign potential glycopeptide peaks. Furthermore there is always the risk that the rather large and less intense glycopeptide peaks are overlooked and not selected for automatic fragmentation. For this, LC connected offline to MS (e.g. LC-MALDI-MS) has some advantages: the MS analysis is time independent from the LC separation and individual fractions can be reanalyzed for a more specific investigation at any time (34, 36, 59) .
On the other hand, an additional enzymatic de-glycosylation step is often included in the sample preparation. For this, the proteolytic digest is split into two parts, in whichby one part is deglycosylated using PNGaseF and the other one is analyzed untreated (32, 34, 35, 60) . The appearance of new peaks in the deglycosylated sample indicates then for the presence of glycopeptides. The deglycosylated peptides are then also sequenced efficiently by a "standard CID" MS/MS experiment. However, this combined approach presents some challenges, because pairs of peaks from different chromatographic separation runs have to be correlated.
Here we demonstrate a systematic and straightforward approach for the site-specific identification and characterization of protein N-glycosylation using human serum IgM. The ap- 1 The abbreviations used are: ESI, electrospray ionization; MALDI, matrix assisted laser desorption ionization; FTMS, Fourier transform MS; RP-ESI-MS, reverse phase-ESI-MS; CID, collision-induced dissociation; TOF, time-of-flight.
proach is based on a recently developed nano-LC-microarray-MALDI-MS platform that uses droplet microfluidics to store an analytical nano-LC run on a microarray chip (at 1 fraction per second) and which was recently also applied for the application of nanoliter phosphatase digests for the identification of protein phosphorylation (59, 61) . Here, droplet microfluidics furthermore allows a PNGaseF on-chip reaction in nanoliter volumes to selectively remove the glycan portion from the peptide on each second spot. This generates two time-correlated traces: one PNGaseF-treated trace in which glycans and peptides are separated and a second untreated trace containing the intact glycopeptides exactly as they were fractionated (Fig. 1) . To minimize competitive ionization and to allow digests within a chromatographic peak, one-second intervals are fractionated and stored in a micro-spot. Identifying or mining for distinct glycosites is then carried out by searching for the predicted deglycosylated peptides in the treated trace; the intact glycopeptides are necessarily present in the adjacent spots. Furthermore, the deglycosylated peptides can be sequenced in CID fragmentation experiments and analyzed by a common shot-gun proteomics pipeline (31) . Although the pioneering work on the analysis of IgM glycosylation was already performed in 1979 (62, 63) , there are yet no detailed data available presenting a complete picture of the IgM site-specific N-glycosylation profiles of all sites including the one from the J chain. Previous analysis are based on the released glycan pool, carried out by Arnold et al. in 2005 (64) and by Loos et al. on glycopeptides, (13) who demonstrated the recombinant production of a hetero-multimeric IgM with a human-like glycosylation in plants.
Here, starting with a trypsin/GluC in-solution digestion of human polyclonal IgM, we performed an in-depth analysis of all predicted glycosylation sites with a single nano-LC run using MALDI-MS without prior glycopeptide enrichment. We observed oligomannosidic glycans (Asn 171, Asn 402 and Asn 563) on three sites, where the major glycoforms on site Asn 171 are complex type structures (Ͼ95%). Glycosite Asn 563 is the only site, which carries solely oligomannosidic structures. Glycosites Asn 402, Asn 332 and Asn 171 show small amounts of hybrid-type glycans. Asn 395 and the J chain only present complex-type glycans with one or two sialic acid residues and a bisecting GlcNAc. Unglycosylated portions were not noticed in the present study.
EXPERIMENTAL PROCEDURES
Production of Microarray Chips-Microarrays for Mass Spectrometry (MAMS) were fabricated as described in Urban et al., and Kü ster et al. (65, 66) In brief, a coated ITO-glass slide (12) (13) (14) (15) (16) (17) (18) Ohm/m 2 , Sigma Aldrich) was structured using a laser ablation system to generate a checkerboard-like array of 2800 hydrophilic sample deposition areas of 300 m diameter and ϳ35 m depth each (720 m center-tocenter distance within one row).
Microarray plates were cleaned in acetone using ultrasonic agitation, then rinsed with ethanol, then with water and finally dried and stored under nitrogen until use.
Proteolytic Digest of IgM-Human serum IgM (Sigma, Buchs, Switzerland) was digested in solution as described in Grass et al. (67) . 25 g of IgM was dissolved in 100 mM ammonium bicarbonate, reduced using dithiotreitol, and subsequently carbamido-methylated using iodoacetamide. The protein was then purified by a precipitation step using 80% ice cold acetone and a subsequent five-minute centrifugation using a bench top centrifuge at maximum speed. The precipitated protein was then resuspended in 25 mM ammonium bicarbonate and digested overnight using trypsin (Sigma, Cat. No. T6567) and GluC (Sigma, Cat. No. P6181) at 37°C. Sequence as well as potential N-glycosylation sites for human Ig mu chain and J-chain were obtained from Kehry et al. (68) as well as from the UniprotKB database (IGHM_HUMAN (P01871), IGJ_HUMAN (P01591)). Deglycosylated peptides were investigated manually, by considering up to two missed cleavages and methionine oxidation.
Nano-liquid Chromatography (nano-LC) and High Frequency Fractionation-For nano-liquid flow chromatography, we used an Eksigent/Ekspert (Dublin/AC, USA) nano-LC400 and a reversed-phase separation column (0,075 ϫ 150 mm, Eksigent RPC18-CL-120). A flow rate of 300 nL/min was maintained throughout all experiments. Solvent A consisted of 0.1% unbuffered formic acid and solvent B of 95% acetonitrile in H 2 O. An aliquot of 5 l sample (prepared as described above) containing 0.75 g of IgM digest was directly injected and analyzed by the following gradient: 6 -26% B from 0 to 15 min, 26 -67% B from 15 to 20 min and a washing step at 67% B from 20 to 30 min. Fractions were collected at a rate of 1 Hz (circa 5 nL) using a droplet-based spotting device as described in Kü ster et al. (59) . After fractionating the nano-LC outflow in a serpentine-like pattern on the microarray chip, the chip was placed in a vacuum to dry for 20 min. After this, the slide was put under oil (perfluorodecalin, Fluka, Buchs, Switzerland) and enzyme solution was spotted to distinct spots as described below. Human serum IgM, LC solvents and 2,5-dihydroxy benzoic acid (DHB) MALDI matrix were obtained from Sigma Aldrich (Buchs, Switzerland). The best signal for glycopeptides in positive mode was obtained by using a 10 mg/ml DHB matrix solution in 50:50 acetonitrile/water containing 0.75% phosphoric acid.
Reference Measurements Using nLC-ESI-MS-For LC-ESI-MS reference experiments
, the same nano-LC from the droplet-spotting device was connected to a SYNAPT G2 mass spectrometer (Waters, Manchester, UK) using a nano-flow interface with TaperTip emitters (50 Ϯ 5 m, New Objective). The analysis was performed using the same gradient as for the nanoLC-MALDI-MS experiment. Acquisition was performed in "sensitivity mode" at a scan rate of 1 Hz over the mass range of m/z ϭ 500 to 2000. Glycopeptides were enriched using a ZICா-HILC solid phase extraction cartridge (SeQuant, Sweden), following the protocol from Parker et al. (49) . Briefly, samples were diluted in 80% acetonitrile containing 0.1% trifluoroacetic acid, loaded to a ZIC-HILIC SPE column (SeQuant, Sweden, 1 ml bed size), washed with 500 l 80% acetonitrile and eluted with 350 l of H 2 O, and were finally speed vac dried. An aliquot was additionally deglycosylated using PNGaseF. In consecutive LC runs, the deglycosylated sample, the control sample and a mixture of both was analyzed. For each run, a glycopeptide extract starting from ϳ2.5 g IgM digestion was injected to the LC system. Identification of the glycopeptides was realized by searching for the expected glycopeptide pattern, eluting slightly before the deglycosylated peptide counterpart as described in Pabst et al. 2012. (35) Enrichment of the glycopeptide fractions was found to be beneficial for an unambiguous assignment of the peaks.
On-chip PNGaseF Digest-On-chip PNGaseF digest was carried out with the assistance of droplet microfluidics directly on the microarray chip as described in Kü ster et al. 2014 (59) . The under-oil reaction employs a perfluorinated oil bath in which aqueous liquids can be spotted under oil on the chip predefined spots using a droplet spotting device as described in Kü ster et al. (59) . In this work, PNGaseF (Roche Diagnostics, Mannheim, Germany) was dissolved in 100 l H 2 O and 8 l of it was further diluted in 200 l of 10 mM ammonia bicarbonate solution containing 10% acetonitrile and 0.5 M fluorescein. An aliquot of approx. 3 nanoliter was added to each micro-spot with the under-oil spotting technique. Carry-over of enzyme solution to adjacent spots was found to be minimal. The slide was incubated at room temperature for ϳ60 min and the oil was finally decanted and residual liquid was evaporated under vacuum (p Ϸ 1 mbar) for 15 min. In a final step, a 2,5-DHB matrix solution was applied to each spot using the same droplet spotter. Spotting for enzyme or for matrix application required 20 -30 minutes. DHB with 0.75% phosphoric acid generated homogeneous fine crystals for a reproducible and sensitive detection of the glycopeptides. This was true for both employed MALDI-MS instruments using positive ion mode (AB5800, Bruker solariX).
MS Analysis Using MALDI-TOF/TOF, MALDI-FTMS, and ESI-Q/ TOF-MS-MALDI-MS
analysis was carried out by analyzing the treated spots first with an AB Sciex TOF/TOF 5800 mass spectrometer (AB Sciex, Darmstadt, Germany; analyzing the whole treated trace required ϳ20 min.) and subsequently by using a MALDI-FTMS instrument (SolariX Bruker, Bremen, Germany) for a detailed glycopeptide characterization. Microarrays were mounted onto an AB Sciex sample target carrier using the mask delivered with the LaserBio Labs™ Mass Spectrometry Imaging Starter Kit. For the Bruker solariX FTMS instrument, we used the MTP slide adapter II. Spot set templates for the AB Sciex 5800 and geometry files for the SolariX were programmed in house. For the AB Sciex 5800 MALDI-TOF-MS instrument, the laser energy was set to 4950 (arbitrary units), and 23 sub-spectra on 25 different positions were acquired per spot. Spectra were acquired over a mass range from 500 -3000 Da. MALDI-FTMS analysis was performed over the mass range of 1000 -5000 Da and a defocused "smart beam" laser (100 m diameter) was used at 60% laser energy (arbitrary units). The total ion chromatogram and extracted ion chromatograms obtained from the AB Sciex MALDI-MS measurements were analyzed using the DataAnalysis tool within the TOF/TOF series Explorer software and with Microsoft Excel. Mass spectra from the MALDI-FTMS instrument were analyzed and annotated with the Compass Data Analysis 4.0 software (Bruker).
Glycopeptide Mining and Analysis-The location of the deglycosylated peptides on the microarray slide was first identified by extracting the ion traces of the masses for the deglycosylated peptides from an initial MALDI-TOF-MS scan. The sequence as well as potential N-glycosylation sites for the human Ig mu chain were obtained from Kehry et al. (68) as well as from the UniprotKB database (IGHM_ HUMAN (P01871) and IGJ_HUMAN (P01591)). Spectra from the adjacent untreated spots of the identified areas were then acquired as control, to proof absence of the deglycosylated peptides. Identified regions were then further analyzed using MALDI-FTMS. Mass lists were exported to Microsoft Excel and further evaluated using the glycoMod tool (http://web.expasy.org/glycomod/) (69) by allowing a maximum mass deviation of 0.025 Da for mainly present [MϩH] ϩ ions. Larger deviations were just accepted after manual investigation for peaks of lower intensity, which is also indicated in Table II . (Glycomod structural parameters ϭ Hexose range 0 -9, HexNAc range 2-6, deoxyhexose range 0 -2, NeuAc range 0 -4, NeuGc no, Pentose no, Sulfate/Phosphate no, KDN no, HexA no, UniCarbKB entries were listed separately). Furthermore, results from the previous work of Arnold et al. were used if a decision between potentially possible isobaric compositions had to be made.
RESULTS
The potential glycosites from IgM are listed in Table I . After an in-solution trypsin/GluC digest of human polyclonal IgM, an aliquot of 750 ng was injected to the LC system without prior glycopeptide enrichment. Separation was carried out within a short 15-min gradient as described in the experimental procedures section. As shown in the workflow graph ( Fig.  1 and Fig. 2) , the nano-LC separation was fractionated at a rate of 1 Hz onto the microarray substrate. As described in the experimental procedures section, a PNGaseF digestion of every other peak was carried out under a protecting oil phase, with the aim to generate two traces on the chip: one PNGaseF-treated trace with deglycosylated peptides and free glycans and an untreated trace containing still the intact glycopeptides (Fig. 1) . Peptides that are not N-glycosylated are not affected by this treatment and are therefore found in both traces. Data Mining and Analysis of the Glycosylation Sites from Human Serum IgM-By extracting ion traces for the masses of the potential deglycosylated peptides, we were able to identify the position of the deglycosylated peptides within the treated trace on the microarray slide. The adjacent spots were further investigated to proof the absence of the same peaks.
In order to facilitate a detailed analysis of the glycopeptide clusters, we finally analyzed the untreated spots of the identified areas with a MALDI-FTMS instrument (Bruker solariX). This straightforward and systematic approach allowed the analysis of IgM site-specific glycosylation within one single LC run. Data evaluation was performed using glycoMod Tool (69), by allow- 
FIG. 2. Workflow for the site-specific glycosylation analysis as used for IgM (a-e).
After fractionation of the eluent from the nano-LC separation (a), a specific portion of the collected fractions (every other spot) was digested using PNGaseF (b). Subsequently, a first lowresolution MALDI-TOF-MS scan in the lower mass range of the PNGaseF-treated spots was performed (c). After the localization of the deglycosylated peptides in the initial data set (d), a high-resolution MALDI-FTMS scan (at a high mass range) was performed solely on the selected untreated spots.
FIG. 3. Upper trace: TIC of the treated spots (each 2
nd spot on the chip) generated by the lower-resolution scan using a MALDI-TOF-MS instrument. The elution areas of the deglycosylated peptides from individual sites are indicated with boxes, which were identified by the appearance of the deglycosylated peptide after PNGaseF treatment. The glycopeptide for Asn 563 provided a broad tailing peak ing a maximum mass deviation of 0.025 Da in average for the individual structures. The investigated and detected glycosites are indicated in the BPI chromatogram in Fig. 3 and were also summarized in Table I . Adjacent untreated spots are supposed to be absent of the deglycosylated peptides, as it is shown for Asn 332 in Fig. 4 (more detailed also in supplemental Fig. S3) . A complete list of identified glycopeptides including the proposed glycan composition can be found in Table II . A representative MALDI-FTMS spectrum of each glycosite is shown in Fig. 5 . Taking into account that MALDI-MS is more prone to in source fragmentation of labile sugar residues like sialic acids, the here presented method was not primary evaluated for exact quantification of the glycoforms, but provides more a fast and complete identification of a site specific glycan profile. Nevertheless, profiles were found very similar as obtained by RP-ESI-MS, presumably a result of the low post source fragmentation in the FTMS instrument.
Glycopeptides for Asn 563 and Asn 332 show an almost equal portion of methionine oxidation. The glycopeptide for the glycosite Asn 171 was mainly detected with one missed trypsin cleavage. A glycan sub-group distribution graph was evaluated by considering the most intense spectra from each site, which is provided in supplemental Fig. S1 . Furthermore, we compared the identified profiles, which were obtained by employing reversed-phase (RP) ESI-MS (35, 70) . Here, the data-mining process was assisted by knowledge gained from the MALDI-MS analysis and by the present literature (13, 62, 64) . Representative (deconvoluted) spectra for both methods,
RP-ESI-MS and RP-microarray-MALDI-FTMS, revealed very similar profiles for all glycosites (supplemental information figures 2a-f)
. This was rather surprising, because a recent inter laboratory study by Leymarie et al., revealed for the common approaches used in glycoproteomics rather strong deviations in their quantitative as well as qualitative results between different laboratories (71) .
Mining for Glycopeptides by Means of a Pairwise Peak-list Comparison-
The method furthermore offers the option of a pairwise peak lists comparison between treated and untreated spots, where the appearance of a peptide in the treated spot indicates a deglycosylated peptide. There is an intrinsic correlation between the two different traces, that is, the presence of a deglycosylated peptide in one spot n assures the presence of the intact glycopeptide cluster in spot n-1 or nϩ1. If the peptide mass is obtained from the digested peak, the glycan composition can then be identified by using a prediction software like the GlycoMod tool (69), as well as by fragmentation experiments performed on the intact glycopeptides. The peptide sequence can then be also more easily obtained by sequencing the deglycosylated peptide in the treated trace, instead of gathering sequence tags from the fragmentation of the intact glycopeptide.
Human Serum IgM Site-specific Glycosylation ProfileHere, we provide the first complete and detailed site-specific mass spectrometric analysis of the glycosylation of the human serum IgM using a high-resolution and high mass accuracy MALDI-MS instrument. Initial work published by Chap -FIG. 4 . The two panels show the MALDI-TOF-MS spectra from two adjacent spots (n and n؉1 s). In the treated spot at Nr 608 (ϭ spot n), the deglycosylated peptide of Asn 332 can be detected. This peak is absent in the consecutive spot Nr 609 (ϭ spot nϩ1), which is untreated. The untreated spots contain the intact glycopeptides and were further analyzed with a high resolution MALDI-FTMS instrument ( here by the microarray-MALDI-FTMS approach were in agreement with the results obtained by the previous studies. In addition we could provide a comprehensive and a detailed analysis, assigning a total of 81 glycopeptide peaks to the IgM mu chain and to the J chain with highest mass accuracy (Table II) . Thereby we detected some minor portions of oligomannosidic glycans as well as hybrid-type glycans, also on Asn 171. Glycosite Asn 563 carried exclusively oligomannosidic structures, but site Asn 402 exhibited ϳ10% hybrid-type glycans. Glycosites Asn 395 and the J chain carried only complex type glycans with one or two sialic acid residues, bisecting GlcNAc and one fucose residue. Arnold et al. (64) , demonstrated by exoglycosidase digests that the fucose residue present is a core fucosylation. The overall main glycoforms were biantennary fucosylated glycans, carrying one sialic acid with or without a bisecting GlcNAc. Taking into account that Asn 332, Asn 395 and the J chain carry complextype glycans, the HPLC data are in good agreement with our data obtained by glycopeptide analysis. Furthermore, assuming that Asn 563 and Asn 402 are fully glycosylated, and that Asn 171 and Asn 332 contain minor amounts of oligomannosidic as well as hybrid-type glycans, there would be more oligomannosidic and hybrid type glycans present then estimated by the recent glycomics based study. A combination of the revealed structures further provides the potential targets for mannose-binding lectin (72) , which is known to rely on multiple binding targets.
Summary-Using a droplet-microfluidic device a microarray chip and MALDI-FTMS, we were able to provide a first detailed site specific glycosylation profile for all glycosylation sites from human polyclonal IgM -requiring one single LC run. An on-chip PNGaseF digest of alternating one-second fractions from a nano-LC generated two traces: a PNGaseFtreated trace and an untreated trace. A correlation between separate approaches or analytical runs was not required because the digestion and the control were from one and the same chromatographic peak. In an initial MALDI-MS scan the location of the deglycosylated peptide on the chip was identified and further in a second round the intact glycopeptides were investigated in the neighbored untreated spots. Where the screening for the deglycosylated peptides was found straight with the TOF based MALDI-MS instrument, the very detailed and high resolution profiles of the high molecular weight complex type glycopeptides could be just obtained using the MALDI-FTMS instrument. Nevertheless, acquisition with both instruments were performed on the same analytical run stored on a single chip in the size of a microscope slide, demonstrating the further possibility to analyze more complex and heterogeneous samples by using longer gradients in combination with larger high density slides for storage and reaction. Overall, we assigned more than 80 glycopeptide peaks for all 5 glycosylation sites from IGHM and one from the J-chain with high mass accuracy.
